6 assessed changes in felt hand position following exposure to a visual-proprioceptive conflict in a 126 task in which there was no goal-directed reaching component. In particular, subjects verbally 127 indicated the position of their hand with respect to a visual reference marker. Using this same 128 perceptual task, we previously showed (Cressman and Henriques 2009 ) that actively reaching 129 with misaligned visual feedback of the hand changes the felt hand position such that the hand is 130 perceived to be shifted in the same direction as visuomotor adaptation. In the current study, we 131 tested whether goal-directed movements are necessary for this sensory recalibration, and for 132 reach adaptation. 133
134

Methods
Subjects 136
In total, 20 healthy, right-handed university students (mean age = 21.4, SD 6.08 years) 137 volunteered to participate in the experiments described below. All subjects were pre-screened 138 verbally for self-reported handedness, and history of visual, neurological, and/or motor 139 dysfunction. All subjects gave informed consent and the study was conducted in accordance 140 with the ethical guidelines set by the York Human Participants Review Subcommittee. 141
General Experimental Setup 143
A side-view of the setup is illustrated in Figure 1a , and is the same as that used in 
in press). 161
Reach targets: To assess reaching errors we had subjects reach freely to five different target 162 positions without a cursor. The targets included the same 3 previously described movement 163 targets as well as two additional radial targets located 45º left and right of center (black filled 164 circles in Figure 1b) . 165
Reference markers for Proprioceptive Estimates:
We assessed changes in subjects felt hand 166 position (i.e. proprioceptive recalibration) by determining the position at which subjects 167 perceived their hands were aligned with three reference markers. The reference marker locations 168 were the same as the three movement targets (red filled circles in Figure 1b ). On these trials, 169 subjects actively pushed the robot out from the home position along a constrained path to a 170 location somewhere along the dotted line shown in Figure 1b We had two different groups of subjects. The first group of subjects (11 subjects) actively 182 pushed their hands out along a constrained path while seeing a cursor (Active Exposure group). 183
The second group of subjects (9 subjects) had their hands passively moved out along the same 184 constrained path (Passive Exposure experiment). For all subjects the experiment was completed 185 in one testing session that consisted of two parts. Each part consisted of four tasks as described 186 below and illustrated in Figure 2 . The first part of the testing session (Figure 2a ) served as a 187 baseline measure, in which we assessed reaching errors and proprioceptive estimates of hand 188 position after subjects were exposed to a veridical cursor during the constrained hand motion 189 task described below. In the second part (Figure 2b ) we assessed reaching errors (i.e. visuomotor 190 adaptation) and sense of felt hand position after subjects were exposed to a misaligned cursor 191 during constrained hand motion. 192
We will begin by describing the tasks used in the first part of the testing session ( were pseudo-randomized such that each target was displayed at least once before any target was 214
repeated. 215
This task (2 nd box in Figure 2a ) was performed immediately after the Baseline hand 218 motion task. On these trials the robot was free moving, such that subjects' movements were no 219 longer constrained to the previously described linear path. A trial would start with the robot 220 handle at the illuminated home position. One of the five reach targets would then appear and 221 after 500 ms the home position would disappear. This was the cue for subjects to reach out using 222 the robot handle, without the cursor or any visual feedback of the hand, to the still visible target. This next task (3 rd box in Figure 2a ) began with subjects grasping the handle of the robot 230 manipulandum at the visible home position for 500 ms. After 500 ms the home position was 231 removed and subjects were to actively push the robot handle out along a constrained linear path. 232
The path guided the hand to a location somewhere along the dashed line shown in Figure 1b Figure 2b . 300
We also compared reaching errors immediately following the hand motion tasks at the 301 movement targets to reach errors at the novel (45º) Reach targets in a one-way RM-ANOVA to 302 measure the extent of reach generalization. In this analysis, reaching errors following exposure 303 to a veridical cursor (2 nd box in Figure 2a ) were subtracted from those following exposure to a 304 misaligned cursor (2 nd box in Figure 2b ). 305
As a final analysis, we compared the changes in reaching errors between the Active and 306
Passive Exposure groups using an ANOVA. Like the movement versus novel target analysis just 307 discussed, we subtracted the reaching errors following exposure to a veridical cursor from those 308 produced after exposure to a misaligned cursor for each experiment. 309
Proprioceptive Estimates of Hand Position 311
In order to address our second research question regarding possible changes in 312 proprioceptive estimates of hand position, we determined the locations at which subjects felt 313 their hands were aligned with the reference markers. In particular, we calculated the bias (i.e. 314 accuracy -the point of 50% probability) and the degree of uncertainty (i.e. precision -the 315 difference between the values at which the response probability was 25 and 75%) from the 2009). We excluded 6 proprioceptive estimates from our analyses as the associated uncertainty 319 was greater than the mean uncertainty across all reference markers + 2 standard deviations. To 320 compare the biases and the uncertainty ranges following exposure to a veridical versus 321 misaligned cursor we used a RM-ANOVA, which included reference marker location (3 322 locations) as a factor. 323
Similar to the analysis performed on reaching errors, we also compared changes in biases 324 between the Active and Passive Exposure groups in an ANOVA. In this analysis, changes in 325 bias following exposure to a misaligned cursor during the hand motion tasks relative to biases 326 completed after exposure to a veridical cursor during the hand motion task were collapsed across 327 reference marker locations. This was done, as in both experiments similar changes in bias were 328 observed regardless of reference marker location. Finally, we examined whether the change in 329 bias after exposure to a misaligned cursor was similar to the level of visuomotor adaptation. In 330 order to perform this analysis we used a RM-ANOVA to compare mean changes in bias to mean 331 changes in reaching errors for both the Active and Passive Exposure groups. 332
All ANOVA results are reported with Greenhouse-Geisser corrected p values. 333
Differences with a probability of less than .05 were considered to be significant. Tukey's 334 Honestly Significant Difference (HSD) post-hoc tests were administered to determine the locus 335 of these differences (alpha = .05). and triangles indicate mean reaching errors after subjects were exposed to a veridical and 344 misaligned cursor in the hand motion task respectively. In comparing reach errors after exposure 345 to the misaligned versus veridical cursor, we find a small leftwards shift (on average 6º). In 346 other words, the triangles are shifted to the left of the diamonds. Additional exposure to the 347 misaligned cursor did not increase the level of visuomotor adaptation, as we found that the three 348 subjects who completed an additional block of misaligned cursor exposure in the Active 349
Exposure group had mean reach errors of 6.8º (this data is not shown). To determine whether exposure to visually-deviated hand motion also lead to changes in 368 sense of felt hand position, we now turn to subjects' proprioceptive biases. Figure 4 shows these 369 biases, averaged across subjects after exposure to both a veridical (diamonds) and misaligned 370 (triangles) cursor, relative to the corresponding reference markers (circles) for (a) the Active and 371 (b) the Passive Exposure groups. In the Active Exposure group (Figure 4a) , we see that subjects' 372 estimates of their unseen hand positions were slightly biased to the left after exposure to a 373 veridical cursor (diamonds). The mean bias collapsed across all reference markers was 4.6º left 374 of the reference marker. However, more importantly, after exposure to the misaligned cursor, 375 estimates of felt hand position were shifted significantly to the left of the estimates completed 376 after exposure to the veridical cursor (F(1, 7) = 12.294, p = 0.010). Furthermore, this leftward 377 shift in subjects' biases was observed at all reference marker positions and was of a similar 378 magnitude across the different reference markers (F(2, 14) < 1). On average, mean bias after 379 exposure to a misaligned cursor during the hand motion task was 9.5º left of a given reference 380 marker (black bar in Figure 4c ), approximately 4.9º more left than after exposure to a veridical 381 cursor (white bar in Figure 4c ). The estimates of the three subjects' who completed the 382 additional Misaligned Cursor hand motion task were shifted approximately 4º to the left after 383 seeing a misaligned cursor compared to a veridical cursor. 384 A similar pattern of results was observed in the Passive Exposure group. As shown in 385 Figure 4b (and 4d), the positions at which subjects' estimated their hands were aligned with a 386 reference marker were significantly more to the left, an average of 5.6º, after being exposed tothe misaligned cursor compared to a veridical cursor (F(1, 8) = 14.822, p = 0.005). Like the 388 active exposure conditions, this change in subjects' biases was independent of reference marker 389 location (F(2, 16) < 1). Finally, the change in sense of felt hand position was similar across the 390 Active and Passive Exposure groups (F(1, 16) < 1) . 391
The changes in proprioceptive biases were also similar to the adjustments observed in 392 subjects' reaches (Figure 5a whether subjects were exposed to a misaligned cursor when they actively moved their hands 416 along a constrained path or were passively moved along the same path. As well, the change in 417 bias occurred without subjects' decreasing the precision of their proprioceptive estimates. In this 418 way, we were able to show that mere exposure to sensory discrepancies, in the absence of 419 indicates the hand is to the right of the target) initially, one adjusts subsequent motor commands 435 in order to achieve the desired outcome. In addition, the perceived position of the hand is 436 thought to be recalibrated such that proprioceptive signals are remapped to a given visual input 437 (Simani et al. 2007; Haith et al. 2008) . 438
In our study the cursor always traveled directly to the target and hence there was no 439 feedback indicating that the path the hand had traveled was incorrect. Moreover, given that the 440 hand moved outwards along a constrained, fixed path, there was no voluntary movement 441 planning. Subjects could not plan the direction of their movement. As well, subjects in the 442
Passive Exposure group could not control when their hand motion was initiated or how quickly 443 their hand was moved. While we did not examine muscle activation (e.g. by using 444 electromyography (EMG)) and thus cannot comment on whether subjects in the Passive 445
Exposure group attempted to actively track the movement of the robot manipulandum by 446 activating their muscles, we can state that for the Passive Exposure group any muscle activation 447
would not have produced a corresponding self generated movement. 448
However, despite the lack of movement related error signals and voluntary moment, 449 subjects in the current study still adapted their reaches in response to the visual distortion 450 introduced. Specifically, after subjects' hands were moved along a constrained path rotated 451 CCW with respect to a cursor, subjects aimed more to the left (~6º CCW) of an intended target 452 when given the opportunity to reach freely with no cursor present. In addition, we found that 453 proprioception was partially recalibrated in the direction of the visual discrepancy, such that 454 subjects perceived their hands were aligned with a visual reference at a more leftwards position 455 (~5º) after seeing a misaligned cursor compared to a veridical cursor. 456
Given that reach adaptation and proprioceptive recalibration occurred after both Active 457 and Passive misaligned cursor exposure, it appears that the models accounting for visuomotor 458 adaptation discussed above may not be complete. Specifically, we show that one does not needto produce voluntary movement and receive the contingent error information in order to adapt to 460 altered sensory feedback of the hand. However, it is important to keep in mind that the extent of 461 reach adaptation we find in the current study is much less than what has been shown in previous 462 work, in which subjects were introduced to a rotated cursor while performing trained with the same 30º rotated cursor in the same set-up. In contrast, the 5º proprioceptive 466 recalibration we find in this current study is comparable to the level of proprioceptive 467 recalibration we previously attained when subjects were allowed to reach freely. Given the 468 similarity in magnitude between the two adaptive responses in the current study and the 469 significant correlation between reach adaptation and proprioceptive recalibration, perhaps the 470 reach adaptation we now observe is due to the change in felt hand position. Subjects feel their 471 hand is more right than it actually is and hence when they go to plan a movement, this 472 misperceived position is taken into account, resulting in leftward reaching errors (Vindras et al. It has recently been proposed that changes in reaches can arise not only due to error-478 based learning but also after one performs multiple movement repetitions in a particular direction 479 (Diedrichsen et al. 2009 ). In the task by Diedrichsen and colleagues, a robot passively moved a 480 subject's hand to an elongated box that could be achieved by moving to any position along its 481 horizontal axis. Unbeknownst to the subjects, the robot moved the subject's hand such that it 482 deviated either 8° to the left or 8° to the right of straight ahead. However, the hand always 483 that their movements showed an aftereffect, such that the direction of the movements were 485 biased in the same direction that the robot had moved the hand relative to center. Based on these 486 results Diedrichsen has proposed that learning can arise due to a use-dependent process, where 487 the brain associates the current goal with the last executed movement. 
